The predominant RNAs in purified VSV particles are 425 and 4S in size. The 4S RNA is host transfer RNA that did not incorporate detectable radiolabel during VSV infection and was detected by in vitro labelling. Surprisingly, when BHK cells were prelabelled for 30 to 54 h before infection, the incorporation of [3H]uridine and [a2p]orthophosphate into virus tRNAs remained very low and virus tRNAs were found to have a 5-to 15-fold lower specific activity than the total host tRNA, the value depending, in part, upon the period of prelabelling. Two-dimensional gel electrophoresis and partial sequence analysis indicated that the virus tRNAs include most species of host tRNA and no singly predominant species was apparent. Transfer RNAs are packaged by several enveloped viruses, but we have not found 4S RNA in reovirus, which lacks an envelope. We suggest that VSV contains a membrane-associated population of tRNA which has a slower rate of turnover than the total population of cellular tRNA.
INTRODUCTION
Small RNA molecules ranging in size from 4S to 7S are associated with various virus particles (Bonar et al., 1967; Carnegie et al., 1969; Erikson, 1969; Kolakofsky, 1972; Obara et al., 1971; Sawyer & Dahlberg, 1973) . Some of these RNAs function during virus replication (Dahlberg et al., 1974) and are synthesized by the host cell and packaged by the virus during assembly (Carnegie et al., 1969; Erikson & Erikson, 1971; Kolakofsky, 1972; Sawyer & Dahlberg, 1973) .
The most thoroughly studied example of virally packaged transfer RNA is in the RNA tumour viruses. Approx. 15 to 20 different tRNA gpecies are present (Sawyer & Dahlberg, 1973) and one of these, tRNAtw, serves as the primer for reverse transcription in avian leukosis and sarcoma viruses (Dahlberg et al., 1974) . Where the total 4S RNA population has been characterized, the virus tRNA does not reflect the distribution of tRNA in the cell but instead represents a select class of host tRNA molecules (Levin & Seidman, 1979) . Recent evidence suggests that the mechanism of this selective packaging involves binding of specific host tRNAs to the virus reverse transcriptase (Sawyer & Hanafusa, 1979) .
Sendal virus also contains transfer RNA in addition to its genomic RNA (Kolakofsky, 1972) . This small RNA comprises 40 to 60% of the total virus RNA and is not associated with nucleocapsids. Unlike the RNA tumour viruses, however, the tRNAs present in Sendai virions do not have a known role in virus replication. The presence of cellular tRNA in enveloped viruses suggests an association of tRNA with cell membrane components (Randerath et al., 1971) .
Vesicular stomatitis virus (VSV) packages only virus minus strands during normal infection which suggests that specific RNA sequences may be involved in strand selection. Furthermore, examination of sequences present in the various defective-interfering (DI) 0022-1317/81/0000-4600 $02.00 (~ 1981 SGM particles of VSV (Indiana strain) shows that about 350 bases at the 5' end of the VSV genome are conserved (Keene et al., 1981) . It is thus possible that this region has a role in strand selection during packaging. We have examined total RNA packaged in purified particles of VSV for species other than full length minus strands and find a population of 4S RNA which appears to be host cellular tRNA. Unlike total tRNA from infected and uninfected cells, however, virally packaged tRNAs are unusual in that they incorporate significantly lower levels of radioactivity after as much as 54 h of labelling prior to infection. These results suggest that BHK cells contain separate soluble and membrane-bound tRNAs as predicted in other studies (Ilan & Singer, 1975; Khairallah & Mortimore, 1976) , and that VSV probably acquires membrane-associated tRNAs during budding at the membrane rather than during nucleocapsid assembly in the cytoplasm.
METHODS
Virus growth. BHK21 cells were grown as monolayers in Eagle's minimum essential medium containing non-essential amino acids and 10% foetal calf serum (Keene et al., 1977) . Cells were infected with either the Indiana or New Jersey serotype of VSV and virus was purified as described below. For the in vivo tRNA labelling experiments, cells were cultured for 15 h in phosphate-free medium containing 2% serum. Monolayers on 150 mm plates were overlaid with phosphate-free medium to which 4 mCi 32po43-and 1.5 mCi [3H]uridine had been added. After 30 h of labelling, cells were infected with VSV[N D at an m.o.i, of 10 and the infection was allowed to proceed for 15 h. Reovirus was prepared as described previously (Li et al., 1980) .
Virus and RNA preparation. Virus supernatants were clarified by centrifugation, precipitated with polyethylene glycol, and purified by isopycnic banding twice in gradients of 30% (w/w) glycerol to 55 % (w/w) potassium tartrate followed by 7 to 52% sucrose gradients at 20000 rev/min for 15 h in the SW27 rotor and recovered by centrifugation (Keene et al., 1978) . In some experiments the virus supernatants were further purified by velocity centrifugation through 10 to 40% sucrose gradients. RNA was phenol-extracted and purified by centrifugation through 10 to 30% sucrose gradients containing SET buffer (0.05 M-tris pH 7.5, 0.1 M-NaC1, 0.001 M-EDTA) and 0.1% SDS. Terminally labelled RNA was analysed on 12 % polyacrylamide gels containing 8 M-urea (Keene et al., 1978) . Gels were electrophoresed at 375 V for 16 h.
Aniline-catatysed strand scission. Sucrose gradient-purified 4S RNAs were terminally labelled with 32pCp and RNA ligase and separated into approx, four to six bands on polyacrylamide gels (Keene et al., 1978 . RNAs were eluted from the gel and treated with 0-2 M-aniline for 20 min at 60 °C in the dark (Peattie, 1979) or digested with formamide for 40 rain at 100 °C to form ladders. Host tRNA was aniline-treated either with or without pretreatment of the RNA with sodium borohydride for 30 rain at 0 °C in the dark. Formamide digested and beta-eliminated RNAs were analysed on 20% polyacrylamide-urea gels.
Preparation ofBHK tRNA. BHK cells in monolayers were labelled with [3H]uridine and [32p]orthophosphate for 4 to 50 h. The medium was removed and the cells were washed with cold phosphate-buffered saline (PBS). The cells were scraped from the plates and pelleted at 5000 rev/min for 5 min. Cells were resuspended in buffer A (0.01 ~-tris pH 7.5, 0.1 M-NaC1, 0.0l M-magnesium acetate, 1 mM-2-mercaptoethanol) and homogenized in a Dounce homogenizer. Nuclei were removed by centrifugation and the supernatant was extracted with SDS-phenol and chloroform/isoamyl alcohol (24 : 1). After ethanol precipitation, RNA was applied to a DEAE-cellulose column. The column was washed first with buffer A containing 0.3 M-NaC1 and the tRNAs were eluted with 1 M-NaC1 (White & Tener, 1973 were separated by two-dimensional polyacrylamide gel electrophoresis according to the method of Sawyer & Dahlberg (1973) . The first dimension of 10% acrylamide was electrophoresed for 4 h at 400 V in buffer containing 0.045 M-tris-HC1, 1.4 mM-EDTA, 0.045 M-boric acid pH 8.3. A strip of gel approx. 15 x 1 cm, containing the tRNAs, was cut out and placed parallel to the bottom of the second dimension plate, leaving a 4 cm space. The second dimension of 20% acrylamide, 1% N,N'-methylenebisacrylamide, was electrophoresed for 18 h at 375 V in the same running buffer.
RESULTS

Analysis of total RNA from purified VS V partieles
To examine VSV for RNAs other than the 42S genomic RNA, virus particles were phenol-extracted and layered on to 10 to 30% sucrose-SDS gradients. After centrifugation for 15 h at 20 000 rev/min, the gradients were fractionated and the absorbance at 260 nm was determined for each fraction. Fig. 1 shows that the RNA from infectious virus can be separated into two components, a peak corresponding to 42S genomic RNA and a peak at the top of the gradient representing RNA of low mol. wt. The ratios of these two species remained constant after banding in either isopycnic or velocity rate gradients, suggesting that the small RNA is not bound to host cell membrane fragments that co-purify with virus particles in density gradients.
To identify RNA species in the top fractions of the sucrose gradients, total RNA from purified VSV particles was labelled in vitro at its 3' end with 3', 5'-bis-cytidine [32p]diphosphate (pCp) and RNA ligase and separated by electrophoresis in 12% urea-acrylamide gels as shown in Fig. 2 . The major labelled materials co-migrated with 42S genomic RNA and 4S transfer RNA markers. RNA smaller than 4S was not detected by in vitro labelling. The graph in Fig. 2 shows the distribution of radioactivity in the gel. Analysis of the RNAs eluted from the gel revealed that the RNA at the top contains entirely 3'-U-OH which is characteristic of VSV RNA and that the small RNAs contain 75 % A-OH and 25 % C-OH. Furthermore, partial sequence analysis revealed that the majority of the 4S RNA species contain CCA-OH (Fig. 3) .
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10 20 30 Gel slice number Fig. 2 . Polyacrylamide gel electrophoresis oftotal VSV RNA labelled in vitro. RNA from purified VSV was ligated to pCp and analysed on 12% urea-acrylamide gels. Authentic tRNA from BHK cells co-migrated as a 4S RNA marker (arrow). When the same analyses described above were applied to reovirus which does not have an envelope, no 4S RNA was detected (data not shown).
Characterization of the V S V 4S RNA
Evidence that the VSV 4S R N A is cellular transfer R N A is (i) the co-migration of the VSV 4S R N A with Escherichia coli and BHK tRNA, (ii) the end group analysis showing 3'-CCA, and (iii) partial chemical sequencing of the 3' ends of individual 4S species (data not shown).
In the course of this study, we have also employed a method which allows the detection of modified bases in RNA. The 4S RNAs from VSV and authentic host tRNA were 3' terminally labelled with pCp and R N A ligase, treated with sodium borohydride and aniline or directly with aniline alone to induce strand scissions at modified bases (beta-elimination) and analysed on 20% polyacrylamide gels. Fig. 4 (a) shows isolated host tRNA before (lane 1) and after (lane 3) digestion with formamide to generate RNA ladders. Lane 2 shows host tRNA following sodium borohydride reduction and beta-elimination with aniline to induce Fig. 5 . Two-dimensional polyacrylamide gel electrophoresis of (a) virally associated tRNAs terminally labelled in vitro and (b) total BHK cellular tRNAs uniformly labelled with 32p. The first dimension was from top to bottom; the second dimension was from fight to left. strand scissions at the 7meG residues located approx. 30 nucleotides from the 3' end (position 44--47 from the 5' end) (Wintermeyer & Zachau, 1975) . In the absence of sodium borohydride reduction, the aniline-induced chain scission at 7meG was much less efficient and scissions at other modified residues could also be detected using host tRNA (data not shown; Peattie & Gilbert, 1980) or virus 4S RNA (Fig. 4b) . For example, most tRNAs have teA about 40 nucleotides from the 3' end (Y35 from 5' end) and we found direct aniline induced breaks at these positions in virus 4S RNA. This method has general applicability for the detection of modified bases in other RNAs and provides additional evidence that the virus 4S RNA is transfer RNA.
To further characterize the VSV 4S RNAs and to determine their origin, the virus 4S RNAs were compared to total BHK cell tRNA by two-dimensional gel electrophoresis.
Transfer RNA from BHK cells was labelled in vivo or in vitro with 32p and purified by DEAE-cellulose column chromatography. The RNA was subjected to two-dimensional gel electrophoresis using 10% acrylamide in the first dimension and 20% acrylamide in the second dimension. Since attempts to label virus 4S RNAs in vivo resulted in poor incorporation (see below), VSV 4S RNA was labelled in vitro with pCp and mapped in two dimensions. Comparison of the maps (Fig. 5 ) revealed no major differences in the 4S species. Thus, 4S RNA isolated from VSV particles appears to represent total transfer RNA from the host. Differences in the amounts of 5S RNA (Fig. 5 a, upper middle) and 7S RNA (Fig. 5 b, upper right corner) varied from one experiment to another and probably reflect sequence specificity of 3' terminal labelling, and differences in the methods of purification of host and virus tRNA (see Methods).
In vivo labelling of VS V 4S RNA
The VSV 4S RNA proved difficult to label in vivo. When 32p was added to cells at the same time as virus and actinomycin D, analysis of the virus RNA after 15 h of infection showed no detectable radioactivity in the 4S region of 12 % gels. A number of possibilities could account for this. Table 1 . The right-hand column shows the ratios of 3H to 32p using no. 3 as a reference. The relatively constant ratio of aH to 32p in the tRNAs from each group of cells indicates that the likelihood of contamination from DNA or phospholipid is minimal since uridine was the source of 3H label. A comparison of the three different tRNA preparations from the host cells (no. 3, no. 2, no. 1) shows that all have approximately equal specific activities whereas the VSV 4S RNA (no. 4) has about 15-fold lower specific activity for both aH and a2p. On a phosphate basis, the specific activity of VSV genomic RNA is 5-fold higher than the specific activity of the packaged 4S RNA. The majority of the radioactivity incorporated into the RNAs described in Table I , in each case, migrated in 20% acrylamide gels as 4S RNA (Fig. 6) . In a total of five similar experiments the specific activity of the VSV 4S RNA was 5-to 15-fold lower than that of total cellular tRNA taken from the leftover infected cells. The difference in specific activity between the virus tRNA and total host tRNA is probably a minimum estimate since the total tRNA population includes some of the tRNAs of low specific activity.
To discount the possibility that the low specific activity of viral tRNA was due to the absorbance of material other than RNA, A26o/280 ratios were measured and the specific activities were determined after additional chromatography over DEAE-ceUulose and Table 1 on a 12% urea-acrylamide gel. Numbers refer to those in Table 1 . 1, Host tRNA isolated from leftover VSV-infected cells; 2, host tRNA from uninfected cells treated with actinomycin D; 3, host tRNA from uninfected cells harvested at the time of infection; 4, 4S RNA from VSV; 5, 42S RNA from VSV. dihydroxyboryl cellulose using conditions which are specific for the isolation of tRNA (Rosenberg, 1974 ) (data not shown). In each case the absorbance ratios were constant and the specific activities remained essentially unchanged. We conclude that the VSV-packaged tRNAs represent most host tRNA species but are derived from a subpopulation that is physically sequestered and turns over more slowly than total cellular tRNA.
D I S C U S S I O N
Highly purified virions of VSV contain a population of 4S RNA distinct from genomic RNA as revealed by sucrose gradient analysis and in vitro labelling of viral RNA. The ratio of 4S RNA molecules to genomic RNA molecules is approx. 20 or 30 to one, an estimate based on absorbance measurements of purified RNAs. We have shown that the 4S RNA is cellular tRNA by sequencing analysis of the 3' ends, specific cleavage at methylated bases and two-dimensional gel electrophoresis. Cellular tRNA has also been found in RNA tumour viruses and Sendal virus (Carnegie et al., 1969; Erikson & Erikson, 1971; Kolakofsky, 1972; Sawyer & Dahlberg, 1973) . Since all three viruses mature by budding from the host cell, the tRNAs in these viruses may be derived from a membrane-associated population of tRNA. However, the characteristics of the virally packaged tRNAs differ among the three virus types. For example, unlike RNA tumour viruses which contain 4S RNA both in association with genomic RNA and free in the virion (Sawyer & Dahlberg, 1973) , the tRNA in VSV is released from the virus upon detergent disruption of the envelope (J. D. Keene & B. Thornton, unpublished observations) . Thus, the tRNAs in VSV are associated with the matrix protein, glycoprotein or the membrane but not with the nucleocapsid. Secondly, RNA tumour viruses package a select population of host tRNAs which include the primer for DNA synthesis (Levin & Seidman, 1979) whereas VSV contains all species of cellular tRNA. Transfer RNAs associated with VSV also differ from those found in Sendal virus. Sendal virions contain tRNAs without 3' CCA-OH that are substrates for a virally packaged tRNA nucleotidyltransferase (Kolakofsky, 1972) . We have not detected nucleotidyltransferase in extracts of VSV (C. L. Isaac & J. D. Keene, unpublished observations) and VSV tRNAs contain predominantly terminal A or occasionally terminal C.
Additional experiments to rule out non-specific association of host tRNA with virus particles involved mixing 32p-labelled tRNA with 3H-labelled VSV particles followed by velocity centrifugation through 10 to 40% sucrose gradients. Less than 0.1% of the 32p was associated with the virus peak (data not shown).
The most striking characteristic of VSV tRNA is its low rate of labelling compared to host cell tRNA. Similar observations were noted in studies of the avian RNA tumour virus tRNA (Obara et aL, 1971) . When [3H]uridine was added to cells at the time of infection, only 62S genomic RNA was labelled in virus particles. However, when the RNA was examined by absorbance analysis, 4S RNA was present in equal proportion to 62S RNA. Obara et al. (1971) have suggested that the interval between labelling and incorporation into the particle for a given RNA molecule is much shorter for genomic RNA. Transfer RNA must first be synthesized in the nucleus and then transported to the cytoplasm, a process that would increase the interval between uptake of label and incorporation into virus particles. Furthermore, since the half-life of tRNA in growing cells is about 53 to 60 h (Abelson et al., 1974; Lengyel & Penman, 1977) there would be mostly unlabelled tRNA in the cell available for packaging into particles when label is added at the time of infection.
When cells were labelled prior to VSV infection, the uptake of label into virally packaged tRNAs increased. However, even after 54 h of prelabelling (data not shown), the specific activity of virus tRNA remained fivefold lower than that of total cellular tRNA isolated from the leftover infected cells. Studies on protein turnover rates in liver suggest that at physiological concentrations, extracellular amino acids are more rapidly incorporated into protein than the intracellular amino acids, thus providing evidence for the existence of two sources of precursors of protein synthesis (Ilan & Singer, 1975; Khairallah & Mortimore, 1976) . A similar situation may exist for tRNA synthesis in that nucleic acid precursors could be incorporated into tRNA from two different pools. Ilan & Singer (1975) showed that the specific activity of leucine in nascent polypeptide chains from free polysomes is twice as large as that obtained from membrane-bound polysomes. They reasoned that since the two pools for leucine utilized for protein synthesis are distinct, the protein-synthesizing apparatus also must be localized, and predicted that the aminoacyl tRNA synthetases, as well as the leucyl-tRNA, are not freely interchangeable between the two sites of protein synthesis because this would preclude the differences in specific activity of leucine in the proteins of free and membrane-bound polysomes. Other studies have provided evidence for the existence of heterogeneous tRNA pools (Aspen & Hoagland, 1978; Katze, 1975; Smith & McNamara, 1974) , and there is some suggestion that loci of amino acid activation and tRNA charging may exist in association with membranes (Hampel & Enger, 1973; Roberts & Olsen, 1976) .
The existence of two pools of nucleic acid precursors for tRNA suggests there may also be a different pool for the labelling of VSV genomic RNA. VSV 42S RNA has a fivefold higher specific activity on a per phosphate basis than the virally packaged tRNA. This difference would not allow one to accurately quantify the 4S RNA in relation to 42S RNA based on radioactivity incorporated into nucleic acid. This method has been used in the case of RNA turnout viruses, however (Sawyer & Dahlberg, 1973; Sawyer & Hanafusa, 1979) but may be more valid since tumour virus RNA is synthesized in the cell nucleus whereas VSV RNA is synthesized in the cytoplasm. In this study, we have made quantitative estimates of the amount of VSV 4S RNA based on A260. Shapot & Davidova (1971) have reported 4S RNA in liporibonucleoprotein fractions from microsomes of mammalian cells. Because this RNA had a 20-fold lower specific activity than total cellular tRNA it was concluded that these species were not transfer RNA. Whether the tRNAs in VSV are an integral part of a liporibonucleoprotein component of the membrane is not known. Due to the low level of in vivo labelling of VSV-associated tRNAs, we have not been able to assess their susceptibility to external reagents such as RNase.
In view of the above findings, we suggest that the 4S virally packaged RNAs are a membrane-associated population of host transfer RNA with a longer halfqife than total cellular tRNA. VSV is an enveloped virus and may acquire this membrane-associated tRNA population when budding (McSharry et al., 1971) .
